Abstract-We demonstrate a micro-electro-mechanical systems (MEMS) beam scanner capable of biaxial scanning with simultaneous focus control, for integration into a handheld confocal microscope for skin imaging. The device is based on a dual-axis gimbal structure with an integrated large-stroke deformable mirror. SU-8 polymer is used to construct both the deformable membrane as well as the torsional hinges for biaxial scanning. The 4-mm-diameter mirror can perform raster pattern scanning with a range of +/−1.5°and Lissajous scanning with a range of +/−3°(mechanical scan angle), and has a maximum deflection of 9 µm for focus control. The design, fabrication, and characterization of the opto-mechanical performance of the MEMS device are presented in this paper.
I. INTRODUCTION
O PTICAL biopsy refers to non-invasive in-vivo imaging of cells within intact tissue. It is a promising alternative to excisional biopsies, which inflict pain, can result in permanent scarring, and provide only sparse sampling of suspicious lesions. For skin cancer, many more biopsies are found to be benign than are malignant, constituting millions of unnecessary biopsies annually at considerable expense [1] . Current methods of scanned-laser imaging suitable for optical biopsy include confocal laser scanning microscopy (CLSM) [2] , optical coherence tomography (OCT) [3] and two photon fluorescence microscopy (TPM) [4] . However, the large physical dimensions of most CLSM, OCT and TPM systems limit their application to only the most easily accessible sites. An effective strategy to miniaturize such systems has been the introduction of micro-electro-mechanical systems (MEMS) mirrors to replace larger galvanometer scanners. An even more significant reduction in size is possible if multiple degrees of scanning are integrated onto a single mirror, eliminating the relay optics typically required between separate scanners. The 3-dimensional mirror described here further integrates a precise and aberration-managed focusing mirror into the x-y scanner, potentially eliminating all relay stages and offering the possibility for very compact, high NA imaging systems for pencil-like or endoscopic probes.
The first use of MEMS mirrors to miniaturize a CLSM deployed two separate MEMS single axis torsional scan mirrors to achieve x-y scanning of a laser beam [5] . Integration of the x-and y-scan function into a single dual axis x-y scanning mirror led to several demonstrations of handheld or endoscopic instruments for CLSM [6] - [10] , OCT [11] - [13] and TPM [14] - [16] . These early instruments relied on mechanical translation of the optical assembly for focus control. Compared to mechanical translation, much faster axial scanning is possible using varifocus MEMS deformable mirrors, which can also provide dynamic management of spherical aberration [17] - [19] . To achieve a higher level of system miniaturization and eliminate the need for alignment of the active optical elements, it is possible to integrate scanning and focusing into a single device. Shao and Dickensheets [20] and Shao et al. [21] integrated a deformable mirror on a dual axis gimbal to create a 3-dimensional scan mirror capable of two-dimensional scanning and focus control. Strathman et al. [22] reported a similar device. Gimbaled and gimbal-less mirrors designed for scanning about two axes with piston motion in the third dimension for focus control have also been built [23] - [25] . Another gimbal-less mirror capable of lateral scanning and variable surface curvature for focus control is based on electro-thermal bimorph actuation [26] . A varifocal mirror attached to a single axis scanning platform has also been investigated [27] , [28] .
In this paper, we present the design, fabrication and characterization of a new MEMS 3-dimensional (3D) scanner with a large-stroke varifocal mirror integrated onto a biaxial gimbal scanner, with nearly three times the focus range of previously reported 3D scanners [20] - [22] . Preliminary data about this mirror was presented at the IEEE International Conference on Optical MEMS and Nanophotonics in 2017 [29] . A compact laser-scanning microscope, designed with this scan mirror in mind, is illustrated in Fig. 1 . The MEMS scanner is situated at the back focal plane of a nearly aplanatic hyperhemisphere lens. A converging beam passes through an annular aperture around the MEMS mirror, reflects from a fixed annular mirror and impinges on the active surface of the scan mirror. The Fig. 1 . Instrument concept for a scanning-laser microscope with MEMS 3D scan mirror. This is a cross section of an axially-symmetric optical system. Fig. 2 . Cross sectional drawing of the gimbal-supported deformable mirror aligned above the quadrant electrodes used for tip-tilt actuation. These two components are bonded together for final assembly.
focused beam in the tissue is scanned in three dimensions by the MEMS mirror. Scattered or fluorescent light from the sample retraces the beam path in reverse. Details of this laserscanning microscope will be reported elsewhere.
The mirror, with a diameter of 4mm, is constructed on an SOI wafer from an aluminum-coated thin composite film of SU-8. A thicker film of SU-8 2025 is used as the torsional flexure material for both gimbal axes [30] . Compared to prior mirrors that used either silicon nitride or silicon for the torsion flexures and the deformable membrane, SU-8 has lower intrinsic stress and Young's modulus, allowing for lower voltage operation, and it can be directly lithographically patterned which allows for ease of fabrication [31] - [33] . The fabrication process is fully described, including a processvariation-tolerant method of creating through-silicon vias (TSVs) for electrical connection to the handle-layer silicon. The optical and mechanical properties of the mirrors are characterized, and biaxial scanning with simultaneous focus control is demonstrated. We also examine the effects of temperature and humidity on the mechanical properties of the SU-8 flexures.
II. MIRROR DESIGN

A. Device Overview
The device illustrated in Fig. 2 consists of a large stroke deformable mirror integrated onto the center of a dual axis gimbal platform that is fabricated using a silicon-on-insulator (SOI) wafer with a 40μm thick device layer. Orthogonal pairs of torsional hinges fabricated using thick SU-8 (50μm) are used to attach and suspend the inner center plate to the outer gimbal ring and the outer gimbal ring to the frame of the device. The center plate serves as the ground electrode for both the tip-tilt and varifocal actuation. TSVs are created through the device layer and buried oxide in order to electrically ground the center gimbal plate. The deformable membrane is fabricated using a thin layer of SU-8 that is patterned with an array of 4μm vias. These vias facilitate the removal of the sacrificial device-layer silicon during the final release etch. Thin film aluminum is coated onto the deformable membrane to form the optical surface; it is patterned into four concentric electrodes to enable focus actuation with tuning of spherical aberration. A set of quadrant electrodes used for tip-tilt actuation is fabricated on a separate wafer and bonded to the gimbal platform. An annular aperture is incorporated between the outer gimbal ring and the supporting frame, to facilitate integration of the device into a confocal microscope with a folded, annular, coaxial light path, as illustrated in Fig. 1 .
B. Lateral Scanning Requirement
The mechanical requirements of the 3D scan mirror were set by the optical specifications for the target application, which is confocal microscopy of skin with a lateral field of view of 300 μm. To achieve axial resolution sufficient for cross sectioning that clearly resolves cellular details, reflectance confocal microscopy of highly scattering tissue like skin performs best with a numerical aperture (NA) of at least 0.7. Using the Rayleigh criterion, we define the lateral resolution r R = .61λ o /NA. With λ 0 = .633μm and NA = 0.7, we find r R = 0.55μm. The desired lateral field of view of 300 μm therefore represents approximately N r = 545 resolvable spots in the radial direction. Diffraction analysis of a circular aperture tip/tilt mirror shows that the number of resolvable spots (based on the Rayleigh criterion) is N r = 4θ m D/1.22λ o , where θ m is the 0-peak mechanical scan angle and D is the mirror diameter. With N r = 545, the required θ m D product is 0.105 radian-mm, or 6 deg-mm. With an aperture diameter of 4 mm, we therefore require lateral scanning of approximately +/−1.5°about both the x and y axes. As we will show, this is readily achieved by the mirror described below.
C. Line Density and Frame Rate
The inner gimbal axis is designed for resonant operation with its first torsional mode near 1kHz. The outer axis is intended for non-resonant saw-tooth beam steering at a frequency of a few Hz; the torsional resonance of the outer axis is approximately 200Hz. With a 1 kHz fast-axis scan, a resolution of 500 lines per frame can be achieved at 4 frames per second, using bi-directional scanning. The dimensions of the SU-8 hinges were calculated according to the torsional stiffness required to achieve the desired resonant frequencies. The resonant frequency is given in (1),
where k θ is the torsional constant, G is the shear modulus, l is the length of the hinge and I p is the moment of inertia of the gimbal plate [34] . These can be expressed as a function of the dimensions of the hinges using the following equations:
where a, b and l are, respectively, the width, thickness and length of the hinge, E is Young's modulus and ν is Poisson's ratio. For the design of the hinges, we used a Young's modulus of 4.5Gpa and a Poisson's ratio of 0.22 based on published values and our predicted process parameters [35] - [38] . The moment of inertia I p is a function of the radius (R) and thickness (t) of the rotating mass and its density (ρ). To achieve the target resonant frequencies of 1kHz for the center plate and 200Hz for the entire device, initial calculations using the above equations suggested inner torsional hinge dimensions of 100μm × 50μm (width × thickness) and 110μm long. The outer hinge dimensions are 40μm × 50μm, and 300μm long. We fabricated three sets of inner hinges spanning a range of approximately ±20 percent of the target frequency, to account for our simplified analysis and fabrication variations.
D. Axial Scanning Requirement
Depth of imaging in skin is typically limited to about 200 μm for reflectance confocal microscopy. It is possible to define a Rayleigh resolution axially as the distance from the peak of the light intensity distribution to the location of the first zero, leading to z R = 2nλ o /NA 2 , which is 3.46 μm for NA = 0.7 and λ 0 = .633μm. Diffraction analysis from a circular pupil shows that the incremental parabolic wavefront phase delay required to shift the focus along the axis a distance z R is 2πρ 2 for normalized radial variable ρ. This corresponds to an increase of the mirror sag by λ o /2. The number of resolvable axial zones using this criterion is N z = 2δ/λ o , where δ is the maximum mirror sag. For a mirror that can focus throughout the accessible 200 μm depth with NA = 0.7, we require N z = 200/3.46 = 58 resolvable depths of focus. This corresponds to a peak mirror sag of 18.4 μm. The first generation mirror described below achieves a maximum sag of approximately 9 μm, limited by snapdown. Future mirrors can employ a larger air gap or active feedback control, in order to achieve the full 200 μm focus control range at NA = 0.7.
We should mention as part of the axial scanning requirement that when moving the beam focus axially over such large distances at NA >= 0.7, spherical aberration of the imaging system will change depending on focus depth. For this reason, we have incorporated four annular actuation zones across the mirror aperture, to allow for voltage control of spherical aberration, independent of focus control.
III. FABRICATION
A. Fabrication Process
The MEMS device consists of a gimbal architecture with an integrated deformable mirror that was aligned and bonded to a second substrate supporting quadrant electrodes for tip-tilt actuation. The gimbal with deformable mirror was fabricated using an SOI wafer with 40μm device layer, 300nm oxide and 270μm handle layer thicknesses. This will be referred to as the gimbal wafer. Fig. 3 shows the fabrication process for the gimbal wafer.
The fabrication of the gimbal wafer begins with creating vertical, oxidized trenches that function as lateral etch stops during the final XeF 2 release etch. These 3μm wide trenches are etched through the 40μm thick device layer to the buried oxide and subsequently oxidized, to define the boundaries of the deformable mirror air gap, center plate, gimbal outer ring and annular aperture. A 2μm thick SU-8 etch mask was used for this process. The Oxford Plasmalab System 100 ICP was used to perform an anisotropic dry etch employing a mixture of SF 6 and O 2 , given in Table 1 . The amount of SF 6 and O 2 in the mixture can be varied to tune the etch profile from negative to positive taper [39] , [40] . The etch rate is approximately 2μm/min with silicon to SU-8 selectivity of 40:1.
After completion of trench etching, the SU-8 was stripped from the wafer using a heated piranha etch. A wet oxidation at 1050°C for 3 hours created an oxide barrier of approximately 700 nm on the sidewalls of the trenches. The newly grown oxide was patterned so that it only remained on the inner walls, top surface regions immediately adjacent to the trenches, and on the backside of the wafer. NR9-6000PY photoresist was used for this patterning step. The high viscosity of this resist allowed for the trenches to be bridged during the spin coat process so that the oxide within the trenches could be sufficiently isolated from the buffered oxide etch used in the subsequent step to pattern the oxide. A static dispense and slight delay (20 seconds) before spinning was critical to the conformal bridging, as it allowed the resist to flow into the trenches. The thickness of the photoresist after developing was approximately 8μm on the surface of the wafer.
Next, TSVs were created for electrical connection to the center plate under the buried oxide layer. This was a two-step process which includes etching the TSVs and then coating with metal. An etch mask of SU-8 2002 was spin coated and patterned to define the location of the TSVs. The etch recipe was tuned to achieve etch profiles exhibiting a positive taper by decreasing the SF 6 flow to 30sccm while increasing the O 2 flow to 23sccm. A positive taper is desirable to promote the conformal coating of inner sidewalls during subsequent metal deposition. The vias were etched to the buried oxide layer, and then an oxide dry etch with a silicon to oxide selectivity of approximately 1:1 was immediately performed to etch through the buried oxide layer and 1-2μm into the handle layer silicon. The oxide etch recipe is given in Table 1 .
After completion of the via etch, a heated piranha etch was used again to strip the SU-8. The wafer was placed into BOE dip (50:1) for 1 minute, to remove any oxide films that might have formed on the bottom of the vias due to the strong oxidation characteristics of the piranha etch. After the BOE dip, the surface of the wafer was sputtered with 2.5μm of copper to coat the vias to provide electrical connection from the device layer to the center plate underneath the buried oxide. Then, the vias were protected with patterned photoresist (PR1-4000a) and the copper was etched from the rest of the wafer. The photoresist was stripped, and then re-coated as a continuous film to protect the front side of the wafer during backside processing.
To form a bi-layer differential etch mask, oxide on the backside of the wafer was patterned using AZ1512 (positive resist) and the "oxide etch" recipe from Table 1 to define the location and dimensions of the center plate. Next, 200nm of aluminum was evaporated onto the backside of the wafer and patterned to define the outer frame of full-thickness silicon that will support the structure. The wafer was cleaned using a 3-solvent clean after the aluminum etch process to remove both front and back side photoresist.
At this point, a 2:1 mixture of SU-8 2002 and SU-8 2007 was spun onto the front side of the wafer and patterned to form a 4μm thick deformable membrane, and to permanently seal the vertical etch trenches. An array of 4μm wide etch vias spaced on a 30μm grid was patterned in the deformable membrane, permitting access of XeF 2 to the underlying silicon during the release etch. Ports are also created in the SU-8 at the location of the TSVs to allow electrical access. A double exposure is used for this step so that a proper UV dose can be delivered to the thin film of SU-8 on the surface as well as the SU-8 deep in the trenches. The first exposure was performed after the soft bake and was optimized for the 4μm thick surface resist. The wafer was then post exposure baked and developed. After development, a second, mask-less exposure was performed to provide additional cross-linking of the SU-8 inside the trenches. Since the surface resist has already been developed, this second exposure does not affect the resolution. The wafer was then post exposure baked again and finally hard baked at 180°C. Previous experimental results show that the underexposed SU-8 in the trenches can be expelled onto the surface during hard bake, resulting in unwanted formations without the additional exposure. The cured SU-8 was left permanently to bridge the trenches and planarize the wafer. The SU-8, when coupled with the oxidized trenches and the buried oxide layer completes the sealing against XeF 2 during release. Table 2 summarizes the bake temperature profiles used for processing the permanent SU-8 deformable membrane. These temperatures are selected for stress control and to reduce cracking at feature boundaries. All bakes are performed on a hot plate.
The reflective optical mirror is made from 100nm of aluminum deposited using an electron beam evaporator. Prior to evaporation, a negative lift-off resist (Futurex NR9-1500PY) was spin coated to achieve a 1.5μm film, and patterned to define the four concentric electrodes and connecting electrical traces, and to protect the etch vias from metallization. After evaporation, the resist was dissolved to complete the liftoff process. Next, a second liftoff process with 2.4μm of NR9-1500PY was used to pattern a thicker layer of aluminum (500nm) to coat the openings in the SU-8 around the TSVs to ensure the continuous transition of metal from the TSVs to the electrical traces on top of the SU-8. This thick aluminum was also used to form the metal bond pads for electrical connection to external circuits.
The final lithography step was the patterning of thick SU-8 2025 that will combine with the previous thin SU-8 to form the hinges. A dehydration bake was performed at approximately 100°C for 1 hour immediately before spin coating of the SU-8. The photoresist was spun to achieve a target thickness of 46μm which, when layered with the 4μm-thick thin SU-8, meets the hinge design thickness of 50μm. The electrical traces across the hinges become encapsulated between two layers of SU-8 at this point. Thick SU-8 "plugs" are also left to provide added protection of the TSVs during the subsequent release etch. Fig. 4 shows an inner hinge connecting the center gimbal plate to the outer gimbal ring. The thick hinge, TSV plugs, release vias on the thin SU-8 deformable membrane and electrical traces are all visible.
Device release begins from the backside of the wafer. First, the bilayer (oxide, aluminum) differential etch mask was utilized to complete the handle layer etch and define the thickness of the center gimbal plate. The "trench etch" recipe in Table 1 was used to etch approximately 50μm into the wafer. It was essential that the etch depth was made to be slightly deeper than the target thickness of the center gimbal plate (40μm). This allows room for compensation of subsequent etch variations. The "oxide etch" in Table 1 was used to remove the oxide portion of the bilayer mask. The silicon "trench etch" recipe in Table 1 was used once more to etch the handle layer silicon to within 10-20μm of the buried oxide. This remaining thin layer of silicon is essential in maintaining the structural integrity of the buried oxide during front-side XeF 2 etching.
Next, a Xactic xenon difluoride etcher was used to isotropically etch the exposed device layer silicon from the front side of the wafer. The recipe is given in Table 1 . Due to feature-size dependent etching, the silicon in the larger exposed regions is removed much faster than through the 4μm release vias. It takes about 180 cycles of etching for larger regions, compared to 440 cycles for the silicon underneath the deformable membrane. The vertical etch stops ensure precise etch boundaries in both large open areas and underneath the deformable membrane.
The final stage of the release process was the removal of the remaining thin layer of handle layer silicon and the buried oxide layer. To remove the silicon, the wafer was etched from the backside using the previous xenon difluoride recipe. The height of the gimbal center plate can also be thinned by overetching during this step if required. Achieving the target center plate thickness required careful monitoring and tuning of the etch process. Once the silicon was completely removed and the thickness of the center gimbal plate satisfactory, a low power oxide etch was performed using an Oxford 81 plasma etcher (Table 1) to consume the buried oxide. This completes the fabrication of the gimbal wafer with deformable mirror.
The quadrant electrodes used for tip-tilt actuation of the gimbal platform were fabricated on a separate double-sided polished silicon wafer. The design of the electrodes allows for the fabrication of an annular aperture, which when paired to that of the gimbal platform provides a passage for the optical beam. The presence of this aperture does not affect the optical or mechanical characterization of the 3D mirror, and the silicon etch was omitted here for simplicity of fabrication. The process schematic is shown in Fig. 5 .
The fabrication begins with a wet oxidation to form a thick oxide layer (700nm) for electrical isolation of the individual electrodes from the silicon substrate. Next, NR9-1500PY lift-off resist was patterned to define the electrodes, traces and bond pads. A thick 500nm layer of aluminum was then evaporated onto the wafer. An oxygen glow discharge immediately prior to the evaporation of aluminum improved adhesion to the substrate. The lift-off took place in acetone and the wafer was immediately transferred to an isopropyl bath afterwards and then rinsed and dried. SU-8 2005 was spin coated over the electrodes and patterned with openings over the bond pads. This dielectric encapsulation was mainly to prevent shorting from the electrodes to the gimbal plate in the event of a "snap down". The singulated gimbal platform and actuation electrodes were aligned visually using a microscope and bonded using epoxy to complete the device. The device was then attached and wire bonded to a supporting printed circuit board.
B. Mitigating "Notching" in TSVs to Ensure Electrical Continuity
As described, TSVs were employed to obtain electrical connection from the surface of the device layer silicon to the gimbal center plate underneath the buried oxide. One of the challenges associated with creating TSVs on SOI wafers is the notching that forms at the silicon/buried oxide interface during the etching of the vias. The notching is a product of charge build up leading to overetching of the sidewalls once the etch front has propagated to the buried oxide [41] , [42] . This becomes problematic, as it results in a shadowed recess that is difficult to coat during metal deposition, leading to a failed electrical connection. We used a simple method that utilizes aspect ratio dependent etching to mitigate notching without the need for sophisticated endpoint detection systems or varying process parameters to reduce charging [43] - [46] . An array of via apertures with incrementally varying sizes were created on each device. The vias were then etched according to the time predicted for the median size vias to terminate on the buried oxide layer. If the etching proceeds as predicted then the median size vias will indeed terminate accurately on the buried layer, and the subsequent oxide etch will expose the handle layer silicon without notching. If however, the administered etch time proves to be slightly excessive or insufficient for the median sized vias, then neighboring smaller or bigger vias will accurately terminate onto the oxide without notching. Provided a subset of the vias terminate close to the buried oxide without notching, successful electrical connection to the handle layer silicon will be achieved. This method can also mitigate the effects of location dependent etching (etch rate variability across the wafer). A smaller via will be correctly etched at a location on the wafer where the etch rate is relatively higher whereas a larger via will be correctly etched at a location where the etch rate is relatively slower. Ranging from 18μm to 30μm in 3μm increments with 8 of each size, the TSVs on our devices were designed to accommodate a ±10% variation in etch time.
C. Using SU-8 to Bridge Silicon Trenches
The narrow trenches that make up the vertical etch stops for the XeF 2 release etch create a challenge during spin coating of photoresist during subsequent photolithography steps. SU-8 was selected to permanently fill the high aspect trenches to planarize the surface of the wafer. We investigated spin coating of a variety of viscosities of SU-8 using different spin speeds onto wafers carrying a spectrum of trench dimensions (width range: 3μm to 12μm, depth range: 20μm to 40μm). Our results indicate that successful bridging was correlated with higher viscosities, higher spin speeds and shallower etch depths. Correlation between trench width and successful bridging was inconclusive within the range of tested parameters. No obvious trends were observed between bridging and location on wafer. Results showed that bridging was influenced by both spin speed and resist viscosity, but did not correlate directly to the resultant film thickness. This means that a more viscous resist at higher spin speed is more likely to bridge a trench than a less viscous resist at lower spin speed, even if the final film thickness is the same. Similar experiments involving spin coating over substrate topography have reported decreasing planarity with increasing feature width [47] , [48] . However, these past studies have focused on topography with a far lower aspect ratio than the 13:1 aspect ratio investigated in this study. Such high aspect ratios are often encountered with MEMS applications.
IV. DEVICE CHARACTERIZATION
A. Initial Flatness
The structural SU-8 layers develop an intrinsic stress, largely due to the difference in coefficient of thermal expansion compared to the underlying silicon (SU-8: 52ppm/°C, Si: 2.6ppm/°C) [49] . The SU-8-on-silicon structure of the gimbal ring and the central gimbal plate forms a bimorph with a bending moment. This induces a curvature of both the central plate and the gimbal ring, potentially compromising the flatness of the mirror membrane. To investigate this issue, torsional hinges with anchors of various sizes were fabricated. The first type of hinge anchor is the full hinge anchor, where the thick SU-8 forms a continuous ring around the perimeter of the center gimbal plate and the gimbal ring (Fig. 6a) . The second type is the reduced hinge anchor where the thick SU-8 is localized to the tether points on the central plate and the gimbal ring (Fig. 6b) . The surface shape of the released mirror was measured using a Michaelson phase shift interferometer. Representative interferograms (measured with λ = 650 nm) are shown in Fig. 6 . The mirrors with full and reduced hinge anchors are located at similar locations on the same wafer, to minimize the influence of other fabrication variables. With a continuous ring of SU-8 at the perimeter of the mirror and on the gimbal ring, we observed strong astigmatism with a peakto-valley amplitude of ∼2.5 waves (at 650 nm), corresponding to 2.5 * λ/2 = 810 nm of surface height variation. With the reduced footprint hinge anchor, the observed astigmatism is less than 0.5λ, corresponding to less than 160 nm peak-valley surface deviation. The measurements indicate that the reduced hinge anchors result in better initial optical flatness of the mirror surface, which we attribute to minimizing the bimorph effect of the stressed SU-8 layer over the silicon.
B. Electrostatic Actuation -Focus Control
For electrostatic deflection of the deformable membrane, the metal mirror layer was biased relative to the underlying silicon of the gimbal center plate. Fig. 7 shows a plot of the center deflection of the membrane as a function of applied voltage. At 160V, the mirror deflection is 9.1 μm, which corresponds to a focal length of approximately 110 mm.
From this data, we calculated the intrinsic stress of the membrane. The intrinsic film stress directly relates the actuation voltage to membrane deflection. At small deflections, Fig. 8 .
Frequency response of the fast and slow axes (peak-to-peak mechanical).
the membrane deflection depends quadratically on the applied voltage according to the following equation [50] :
where ε 0 is the permittivity of air, V is the applied voltage, r 0 is the radius of the membrane (2000μm), g is the depth of the air gap (40μm), σ is the intrinsic stress and t is the thickness of the deformable membrane (4.2μm). By performing a quadratic curve fit to the portion of deflections under 2μm, the intrinsic stress is calculated to be approximately 4.0MPa (tensile) [29] . This is quite low compared to that of similar SU-8 suspended membranes with intrinsic stress ranging from 13.8MPa to 32MPa [50] , [51] . The reason for this lower intrinsic stress is uncertain, but several parameters of the current process are different from those reported previously, including the specific thermal processing steps, the use of a mixture of SU-8 2007 and SU-8 2002 for the membrane, and the double exposure process used to pattern the vias in the membrane.
C. Electrostatic Actuation -Torsional Scanning
To characterize torsional scanning, the resonant frequencies for both the inner fast axis (y) and slow outer axis (x) were measured. To do this, the fast and slow axes were actuated individually using the quadrant electrodes to scan a reflected laser beam onto a position sensitive detector. For actuation of the slow axis, electrodes 2 and 3 ( Fig. 8) are tied together and biased relative to the grounded gimbal center plate using a 50V pp (peak-to-peak) sinusoidal voltage with a 100V DC offset. The remaining two electrodes are grounded. The scan angle amplitude (peak-to-peak mirror mechanical scan angle) was monitored as the frequency of the sinusoidal input was gradually increased. Fig. 8 (solid line) shows the measured slow axis (x) frequency response from a selection of devices. The variation in resonant frequency is mainly due to slightly different inertial masses as a result of a selection of hinge anchor sizes. The mechanical Q factor for these measured devices is approximately 22. The frequency response of the inner fast axis (y) was measured similarly, except that electrodes 1 and 2 were actuated instead of 2 and 3, and the actuation voltages were increased to 120V pp sinusoidal The static scan angle of the outer axis (x) as a function of actuation voltage was also measured and displayed in Fig. 9 . As was done for the frequency response measurements, electrodes 2 and 3 were tied together and biased relative to the grounded center plate using a DC voltage. The DC voltage was increased gradually and the position of the scanned beam on the image plane was recorded.
At any given point along the plot in Fig. 9 , the restoring mechanical torque generated by the torsional hinges is equal to the electrostatic torque provided by the electrodes. The electrostatic torque generated from actuating half of the mirror can be calculated using the equation
with F(x) the electrostatic force which, for small scan angles, can be expressed as
where V is the applied voltage, s 0 is the quiescent separation between the quadrant electrodes and the center plate, and θ is the mirror mechanical scan angle. For a circular plate, the differential area of applied force can be expressed as
where R is the radius of the center plate (2200μm). The restoring torque of the hinges is a function of the mechanical scan angle and the torsional stiffness of the hinges. The torsional stiffness is governed by material properties that include the Young's modulus and Poisson's ratio. We assign a Poisson's ratio of 0.22 to the SU-8 hinges, based on values reported in the literature and from the SU-8 datasheets, taking into account our process parameters. By equating the electrostatic torque to the mechanical torque generated by the hinges along the curve in Fig. 9 , we calculated the Young's modulus to be 4.8 GPa for the combined SU-8 layers. To ascertain consistency of results, the calculated Young's modulus value was used to compute the slow axis resonant frequency for the same device, a different device on the same wafer, and a device on a different wafer. The results are shown in Table 3 . For this calculation, measured device dimensions were used. The small variations suggest a relatively consistent result for Young's modulus.
During bidirectional scanning, all four electrodes were activated, with superimposed DC and AC voltages. To test this mode of actuation, the dynamic scan angle as a function of the peak-to-peak amplitude (V pp ) of the drive voltage was measured for both the x and y axes under resonant operation, with V x = V ppx 2 sin(ω x t) and V y = V ppy 2 sin(ω y t). For offresonance 1Hz scanning for the x axis, V x was a 1 Hz triangle wave with amplitude V pp . The drive voltages for the four quadrants of the electrode are, respectively,
The results, shown in Fig. 10 , indicate that the fast axis (y) is capable of achieving a mechanical scan angle times mirror diameter product (θ D product) of 12 deg · mm with applied V pp = 530V and V DC = 300V. This is sufficient for XGA resolution of 1024 resolvable spots, assuming a diffractionlimited reflected beam [52] .
D. Large-Angle Scanning Limited by Surface Deformation
We measured as much as +/−3 deg mechanical scan angle for the resonant fast scan. However, large scan angles coupled with high-frequency scanning can lead to degradation of the optical flatness of the mirror surface. This is due to the inertial forces associated with the angular accelerations. It is a dynamic effect, maximum at the peak excursion and absent in the center of the scan. Fig. 11 shows a finite element simulation of the maximum deflection of the surface of the membrane due to inertial forces when the fast axis is operated at 1kHz with a ±3°mechanical scan angle. The membrane thickness, density, and intrinsic stress used for this simulation were, respectively, 4μm, 1100kg/m 3 and 4MPa. By performing a Zernike polynomial fit to this surface, we find that the main optical aberration is coma Z 3,1 [53] . Approximately 66nm (rms surface deviation) of coma was present at ±3°p eak scan angles, which is double the target deflection. For operation at our target range of ±1.5°peak scan angle (with a θ D product of 6 deg · mm, equivalent to approximately 500 resolvable spots) the inertial coma aberration was simulated to be approximately 32nm rms. Modifying the design of the membrane could also be effective at reducing dynamic distortion. For example, reducing the membrane thickness while increasing residual stress to maintain overall tension (and hence maintaining the mechanical restoring force) would reduce the area mass density, proportionally reducing dynamic distortion.
E. Experimental Demonstration of 3D Scanning
Biaxial scanning with focus control was demonstrated using the MEMS device. While the target application for this mirror is a scanning laser microscope as illustrated in Fig. 1 , we used a simplified test setup for this demonstration, as shown in Fig. 12 . A 633nm laser is expanded using a 200mm lens to fill the aperture of the mirror. The MEMS mirror was then used to scan and focus the laser onto an image plane. Fig. 13 is a Lissajous pattern scanned onto the image plane by the MEMS device, with the fast frequency 808 Hz and the slow frequency 207 Hz. With no voltage on the deformable mirror, the device acts like a flat mirror and the reflected beam from the mirror maintains its expanding path, forming a defocused scan-pattern on the image plane (Fig. 13a) . Biasing the deformable mirror with 129V produces a surface with positive optical power to focus the expanding beam accurately onto the image plane (Fig. 13b) . The distance from the lens to the mirror and from the mirror to the image plane is, respectively, 584mm and 1016mm, corresponding to a focal length of the mirror of 278 mm with 129 V applied.
F. Influence of Temperature and Humidity on Measured Behavior
SU-8 offers a convenient photo-patternable fabrication process and low values for Young's modulus and intrinsic stress. This allows for larger displacements compared to, for instance, LPCVD silicon nitride as was previously demonstrated [20] - [22] . However, a consequence of using SU-8 for the mechanical flexures and deformable membrane is its susceptibility to changing temperature and/or humidity [54] . To quantify the influence of these environmental factors, the resonant frequency of the fast scan was measured while the devices were subject to varying temperatures and relative humidity (RH). A chamber allowing independent control of temperature and humidity was used for this experiment. The chamber allows a relative humidity range from 5% to nearly 100%. The setup is divided into a mixing chamber where humid air is mixed with dry air to reach steady state before it was directed to the experimental chamber where the MEMS device resided. A thermoelectric cooler that was sandwiched between an aluminum stage holding the MEMS device and a heat sink allows for a temperature range of approximately 5°C to 60°C. Temperature readings were collected from a thermistor fixed onto the aluminum stage and calibrated to the temperature of the MEMS device. The relative humidity in both chambers was monitored using sensors and recorded for each measurement.
The MEMS scanner was placed inside the chamber and exposed to either a humidity or temperature variation while the other parameter was maintained at a constant value. For each experiment, the resonant frequency was monitored until steady state operation was achieved before measurements were recorded. The settling time after a change to temperature was on the order of seconds and humidity, minutes. For the temperature testing, the humidity was kept constant at 5% relative humidity to reduce the likelihood of condensation on the MEMS device. Fig. 14 shows the resonant frequency shift as a function of temperature. Over the range of temperatures tested, a decrease of approximately 20Hz (2%) was observed.
Humidity also has a measurable effect on the resonant frequency at high relative humidity (Fig. 14) . The overall change in frequency over the humidity range tested was small, approximately 6 Hz (0.6%) shift. A possible explanation of the resonant frequency effect is absorption of water into the SU-8 flexures and anchors. This will cause mass loading, as well as a possible change in the Young's modulus. The frequency shift results were similar to that reported by Schmid et al. [54] .
V. CONCLUSION
The design, fabrication and characterization of a 3-dimensional MEMS scanner capable of high resolution x-y scanning with a large axial focus adjustment range has been demonstrated. We explored the use of SU-8 polymer as the structural material for both the deformable membrane and the torsion flexures. The scanner achieves a bi-resonant θ D product of 12 deg · mm, which equates to XGA resolution of 1024 resolvable spots. With one axis non-resonant for raster scanning, we can still obtain a θ D product of 6 deg · mm to satisfy the required field of view for our skin confocal microscope. The maximum measured focus stroke of 9 um was approximately 3 times that of previously demonstrated 3-dimensional scanners. Additionally, we described a simple method utilizing feature-size-dependent etching to effectively mitigate notching at the silicon/oxide interface during the etching of TSV. The 3-dimensional MEMS scanner described here will support the development of highly miniaturized handheld and endoscopic microscopes with the lateral and axial resolutions demanded by clinical imaging applications.
